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SYSTEM AND METHOD OF CAPTURING
MULTIPLE SOURCE EXCITATIONS FROM A
SINGLE LOCATION ON A FLOW CHANNEL

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional

Application No. 60/823,947, filed 30 Aug. 2006, and U.S.
Provisional Application No. 60/894,837/, filed 14 Mar. 2007,

which are mcorporated 1n their entirety by this reference.

TECHNICAL FIELD

This invention relates generally to the tlow cytometry field,
and more specifically to a new and usetul system and method
of capturing multiple source excitations in the flow cytometry

field.

BACKGROUND

This application 1s related to U.S. Pat. No. 5,909,278,
issued Jun. 1, 1999, which 1s incorporated 1n its entirety by
this reference.

As shown 1n FIG. 1, the traditional multi-source excitation
detection system 1s a fixed, inflexible design that uses four
Photo-Multiplier Tubes (PMT) to detect a maximum of four
fluors, resulting 1n one fluor detected per PMT. A fluor 1s a
small molecule, or a part of a larger molecule, which absorbs
light and, 1n the case of a fluorophore, emits light through
fluorescence. Dyes containing fluors with similar emission
spectra can be used together if they are excited by different
lasers. The excitation sources and detectors are typically
spaced 200 microns apart, and the excitation sources are
permanently assigned to be a 488 nm laser or a 633 nm laser.

As shown 1n FIG. 2, other traditional multi-source excita-
tion detection systems, which have a slightly more flexible
design, use four Photo-Multiplier Tubes (PMT) to detect a
maximum of four Fluors, still resulting 1n one Fluor detected
per PMT. This system features coincident lasers and detec-
tors, where the detectors are permanently assigned to both
488 nm and 633 nm laser beams, but cannot distinguish
between the results of them. Dyes with similar emission
spectra cannot be used together, even 11 the dyes are excited
by different lasers. The system shown in FIG. 2 features
improved flexibility over the system shown 1n FIG. 1, but the
detection 1s limited to four non-overlapping fluorophores.

With the traditional systems shown 1n FIGS. 1-2, adding
additional analytical capability (the ability to detect addi-
tional colors) requires addition of detectors, which increases
cost, complexity, and size. Presently 1n the art, a single detec-
tor system cannot distinguish between two or more tluor-
phores when excited by two or more excitation sources and
when having overlapping fluoresecence.

Thus, there 15 a need 1n the flow cytometer field to create a
new and useful multi-source excitation detection system.
This mvention provides such new and useful multi-source
excitation detection system.

SUMMARY OF THE INVENTION

The present mvention allows single detector subsystem
(which may include a single detector) to distinguish between
two or more fluorophores when excited by two or more exci-
tation sources and when having overlapping fluorescence,
and to achieve measurements of more than one fluor per
detector. One potential advantage of the invention 1s that 1t
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expands the analytical capability of an mnstrument without
requiring additional detectors, reducing cost and saving
space. Another potential advantage of the invention 1s that it
increases the utility of the available detectors, resulting 1n
greater overall analytical capability without the need to add
additional detectors. Another potential advantage of the
invention 1s that 1t expands the usable selection of fluoro-
phores to fluorophores whose emissions populate a wide
spectrum of visible light.

The mvention enables independent detection of multiple
fluorophores, possibly with overlapping fluorescence spectra,
emitted from one location 1n the flow channel, using a single
detector subsystem, when the tluorophores at one location 1n
the flow channel each respond substantially and/or uniquely
to one of multiple excitation source modes used for excita-
tion.

BRIEF DESCRIPTION OF THE FIGURES

FIGS. 1 and 2 are conceptual diagrams of systems 1n the
prior art;

FIG. 3 1s a schematic representation of a first preferred
embodiment of the invention;

FIG. 4 1s a conceptual diagram of a first variation of the first
preferred embodiment of the invention;

FIG. 5 1s a conceptual diagram of a second varnation of the
first preferred embodiment of the invention;

FIG. 6 1s a conceptual diagram of a third vanation of the
first preferred embodiment of the invention; and

FIG. 7 1s a flowchart representation of a second preferred
embodiment of the mnvention.

FIG. 8 1s a schematic representation of the signal process-
ing operations performed by the processor of the preferred
embodiment.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The following description of the preferred embodiments of
the invention 1s not mtended to limit the mvention to these
preferred embodiments, but rather to enable any person
skilled 1n the art to make and use this invention. The preferred
embodiment of a system for capturing multiple excitations
from a single location on a flow channel 1s shown 1n FIG. 3.
Conceptual diagrams of three preferred variations of the pre-
ferred system are shown in FIGS. 4-6. A method for capturing
multiple excitations from a single location on a flow channel
1s shown 1n FIG. 7.

As shown 1n FIG. 3, the system 300 preferably includes a
light subsystem 302 that emits light onto a single location of
a flow channel 310, a detector subsystem 304 that detects
emitted light from the single location on the flow channel 310,
and a processor 306.

The light subsystem 302 functions to emit light onto a
single location on a flow channel 310. This single location on
the tlow channel 310 may also be referred to as the mterro-
gation zone. Preferably, at least two excitation sources are
used. The excitation sources are preferably lasers of different
wavelengths, and even more preferably are lasers of wave-
lengths 488 nm, 375 nm, and 633 nm. The excitation sources
are prelerably operated in at least one excitation source oper-
ating mode. The emitted light from any and all excitation
sources 1n any and all excitation source operating modes 1s
preferably emitted onto a single location on the flow channel.
The light subsystem also preferably includes some form of
modulation between at least two operating modes. Preferably
time domain multiplexing 1s used, but any type of modulation
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or multiplexing could be used, such as frequency division
multiplexing or code division multiplexing. The light sub-
system may 1clude any number of any type of exciter (such
as lasers, or LEDs) at any wavelength and/or using any modu-
lation technique. Pretferably, at least one target (such as a cell)
1s 1n the flow channel 310, and 1s preferably labeled with at
least one of two or more fluorophores, where one of the
fluorphores 1s excited by wavelength A and the other fluoro-
phore by wavelength B, however, any number of fluorophores
may be excited by any number of wavelengths. For a cytom-
cter with n>1 excitation source modes 1n the light subsystem
302, the system 300 preferably modulates at least (n—1) exci-
tation source modes independently in the light subsystem
302.

In a first and a second preferred variation, shown 1n FIGS.
4-5, respectively, the light subsystem 302 includes a 488 nm
laser and a 633 nm laser, operating 1n two excitation source
operating modes: 1) where only the 488 nm laser 1s emitting
light onto a single location on the tlow channel, and 2) where
both the 488 nm laser and the 633 nm laser are emitting light
onto a single location on the flow channel. The light sub-
system 302 preferably modulates the two excitation source
operating modes, more preferably one excitation source oper-
ating mode 1s modulated at 1.25 MHz and another excitation
source operating source mode 1s modulated at 5 MHz. How-
ever, the modulation may be done at any frequency, provided
that the modulaton satisfies the Nyquist criteria for the band-
width of the pulse envelope of the excitation source operating,
modes.

In a third preferred variation, shown 1n FIG. 6, the light
subsystem includes a 488 nm laser, a 633 nm laser, and a 375
nm laser operating in three excitation source operating
modes: 1) where only the 488 nm laser 1s emitting light onto
a single location on the tlow channel, 2) where both the 488
nm laser and the 633 nm laser are emitting light onto a single
location on the flow channel, and 3) where both the 488 nm
laser and the 375 nm laser are emitting light onto a single
location on the tlow channel. The light subsystem 302 pret-
erably modulates the three excitation source operating
modes, more preferably at least one excitation source oper-
ating mode 1s modulated at 1.25 MHz and another excitation
source operating source mode 1s modulated at S MHz. How-
ever, the modulation may be done at any frequency, provided
that the modulaton satisfies the Nyquist criteria for the band-
width of the pulse envelope of the excitation source operating,
modes.

The detector subsystem 304 functions to detect light emut-
ted from one location on the flow channel 310 (or, more
specifically, the mterrogation zone of the tlow channel 310).
The detector subsystem 304 preferably detects fluorescent
light emitted from objects 1n the single location on flow
channel that have been excited by the emitted light from the
light subsystem 302, however, the detector subsystem 304
may detect any type of light from any source. The detector
subsystem 304 preferably includes one or more detectorsin a
spatial arrangement around a single location on the flow
channel or alternatively, another spatial location 1n the inter-
rogation zone. As shown 1n a first and second preferred varia-
tions 1n FIGS. 4-5 the detector subsystem preferably includes
at least four detectors. The four detectors are preferably able
to detect light of at least one of the following wavelengths:
530 nm, 385 nm, 661 nm, and wavelengths greater than 670
nm. As shown 1 a third preferred vanation i FIG. 6, the
detector subsystem preferably includes at least five detectors.
The five detectors are preferably able to detect light of at least
one of the following wavelengths: 430 nm, 530 nm, 385 nm,
665 nm, and wavelengths greater than 700 nm. The detector
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subsystem 1s preferably at least one photomultiplier tube, but
may alternatively be any suitable detector. The detector sub-
system 304 outputs a composite signal of the detected light
emitted from a single location on the flow channel for the
current excitation source operating mode of the light sub-
system 302.

As shown 1n FIG. 8, the processor 306 functions to separate
the composite signal from the detector subsystem 304 into
composite mode signals corresponding to each excitation
source operating mode and the signals are preferably ana-
lyzed separately. The processor 306 preferably derives at least
one additional component signal from the first composite
mode signal corresponding to the first excitation source oper-
ating mode and the second composite mode signal corre-
sponding to the second excitation source operating mode. The
processor 306 1s preferably included 1n the electronics system
for a flow cytometer (or other instrumentation that uses fluo-
rescence-based detection). The composite signal from the
detector subsystem 304 may be fed to a single processor 306
or multiple processors. Preferably, for a cytometer with more
than one independently modulated excitation source mode
from the light subsystem 302, the processor 306 synchro-
nously demodulates the correspondingly modulated compos-
ite signal. As shown in a first variation in FI1G. 4, the processor
306 may be used to derive additional component signals by
subtracting, separating, filtering or otherwise distinguishing
the component mode signal corresponding to a first excitation
source operating mode, from the component mode signal
corresponding to a second excitation source operating mode.
As shown 1n a second variation 1n FIG. 5, the processor 306
may independently measure and/or process the component
mode signal corresponding to each excitation source operat-
ing mode, thus detecting multiple component signals per
PMT (6 Fluors for 4 PMTs, or 1.5 Fluors per PMT 1n this
case). As shown 1n FIG. 6, the processor 306 may be used to
derive (by subtracting, separating, filtering or otherwise dis-
tinguishing) additional component mode signals from the
composite mode signals corresponding to each excitation
source operating mode, and thus detect even more component
mode signals per PMT, (11 Fluors for 5 PMTs or 2.2 Fluors
per PMT 1n this example).

As an example, using the first preferred embodiment of the
invention, it 1s possible to record the individual fluorescence
signatures generated by two 488 nm excited fluorophores and
two 633 nm excited fluorophores (for total of four fluoro-
phores) simultaneously with just two detectors 1n the detector
subsystem. The processor allows for differentiating two com-
ponent mode signals from within a composite signal even
when one component mode signal 1s much larger than the
other. If the 488 nm component mode signal 1s a value of
1,000,000, and the 633 nm component mode signal 1s a value
of 10, the red plus blue composite mode signal 1s 1,000,010.
The low error rate makes it possible to subtract the blue
component mode signal (1,000,000) from the composite
mode signal (1,000,010) and still capture and analyze the
remaining component mode signal (10).

The first preferred embodiment of the imnvention may be
used with any system that includes at least one exciter 1n a
light subsystem 302, at least one detector 1n a detector sub-
system 304, and at least one processor 306, 1n an electronics
system, such as a tlow cytometer, a fluorescence microscope,
a fluorimeter and a fluorescence plate reader (also known as a
well plate or microtiter plate reader).

As shown 1n FIG. 7, a method 700 for capturing multiple
source excitations from a single location on a flow channel
includes emitting light onto a single location on a flow chan-
nel S710, detecting light emitted from the single location on
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the flow channel and generating a composite signal S720, and
separating the composite signal into component signals S730.

Step S710 functions to emit light onto a single location on
a flow channel. This light 1s preferably emitted from at least
two excitation sources, with each source preferably at differ-
ent wavelengths. In a first variation, S710 preferably includes
operating the excitation sources 1n at least one of the follow-
ing excitation source operating modes: 1) emitting light onto
the single location on the flow channel from only one excita-
tion source, and 2) emitting light onto the single location on
the flow channel from a first excitation source and a second
excitation source. In a second variation, S710 preferably fur-
ther includes emitting light from three excitation sources,
where the third excitation source wavelength 1s preferably
different from the first and second excitation source wave-
lengths and operating the excitation sources 1n at least one of
the following additional excitation source operating modes:
1) emitting onto the single location on the flow channel from
only the first excitation source and third excitation source, 2)
emitting onto the single location on the flow channel from
only the second excitation source and third excitation source,
and 3) emitting onto the single location on the flow channel
from the first excitation source, the second excitation source,
and third excitation source. In both the first and second pre-
terred vanations of 58710, the excitation source operating
modes are preferably separated by modulation, 1f multiple
excitation source operating modes are used, more preferably
time domain multiplexing 1s used, but any type of modulation
or multiplexing could be used, such as frequency division
multiplexing or code division multiplexing. The excitation
source operating modes are preferably modulated, more pret-
crably, 1n the case of two excitation source operating modes,
one operating mode 1s modulated at 1.25 MHz and another
operating source mode 1s modulated at 5 MHz. However, the
modulation may be done at any frequency, provided that the
modulation satisfies the Nyquist criteria for the bandwidth of
the pulse envelope of the excitation source operating modes.

Step S720 functions to detect light emitted from the single
location on the flow channel and generate a composite signal.
The output of all detected light during one excitation source
operating mode 1s preferably included 1n the composite sig-
nal. The detected light 1s preferably tluorescent light emitted
from a single location on the flow channel that has been
excited by light emitted during an excitation source operating
mode, but the detected light may be of any wavelength, and be
from any source.

Step S730 functions to separate the composite signal into
component signals. S730 preferably further includes separat-
ing the composite signal into composite mode signals corre-
sponding to each excitation source operating mode. More
preferably, S730 includes demodulating the separated com-
posite mode signals by deriving at least one component mode
signal from the separated composite mode signals corre-
sponding to at least two respective excitation source operat-
ing modes. More preferably still, the deriving of at least one
component mode signal from the separated composite mode
signals corresponding to at least two respective excitation
source operating modes, further includes subtracting, sepa-
rating, filtering or distinguishing the composite mode signals.

As a person skilled 1n the art will recognize from the
previous detailed description and from the figures and claims,
modifications and changes can be made to the preferred
embodiments of the invention without departing from the
scope of this imnvention defined 1n the following claims.

We claim:

1. A system for capturing mult1 source excitations from a
single location on a flow channel comprising:
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a light subsystem that emits light onto a single location on
a flow channel, wherein the light subsystem 1ncludes a
first excitation source that emits light at a first wave-
length and a second excitation source that emits light at
a second wavelength that 1s different from the first wave-
length, wherein the light subsystem modulates between
the following excitation source operating modes:

a first excitation source operating mode, wherein only
one of the first and second excitation sources emits
light onto the single location on the flow channel; and

a second excitation source operating mode, wherein
both the first and second excitation sources emit light
onto the single location on the flow channel;

a detector subsystem to that detects light emitted from the
single location on the flow channel and generates a com-
posite signal; and

a processor coupled to the detector subsystem and adapted
to separate the composite signal into composite mode
signals each corresponding to a respective excitation
source operating mode, wherein the processor 1s adapted
to separate a composite mode signal into component
mode signals corresponding to at least two overlapping
emission spectra of fluorophores.

2. The system of claim 1, wherein the first excitation

sources 1s a 488 nm laser and the second excitation source 1s

selected from the group consisting of a 633 nm laser anda 375
nm laser.

3. The system of claim 1, wherein the excitation source
operating modes are time division modulated.

4. The system of claim 3, wherein the processor demodu-
lates the separated composite mode signals by dertving at
least one additional component mode signal from the first
composite mode signal corresponding to the first excitation
source operating mode and the second composite mode signal
corresponding to the second excitation source operating
mode.

5. The system of claim 1, wherein the light subsystem
further includes a third excitation source that emits light a
third wavelength that 1s different from the first and second
wavelengths; wherein the light subsystem further operates in
at least one of the following excitation source operating
modes:

1) light emitted onto the single location on the flow channel
from only the first excitation source and third excitation
SOUrCe;

2) light emitted onto the single location on the flow channel
from only the second excitation source and third excita-
tion source; and

3) light emitted onto the single location on the flow channel
from the first excitation source, the second excitation
source, and third excitation source.

6. The system of claim 3, wherein the first excitation
sources 1s a 488 nm laser, the second excitation source 1s a 633
nm laser, and the third excitation source 1s a 375 nm laser.

7. The system of claim 5, wherein the light subsystem
modulates between the excitation source operating modes.

8. The system of claim 7, wherein the excitation source
operating modes are time division modulated.

9. The system of claim 8, wherein the processor demodu-
lates the separated composite mode signals by deriving at
least one additional component mode signal from at least two
of: the first composite mode signal corresponding to the first
excitation source operating mode, and the second composite
mode signal corresponding to the second excitation source
operating mode, and the third composite mode signal corre-
sponding to the third excitation source operating mode.
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10. The system of claim 1, wherein the detector subsystem
includes a plurality of detectors 1n a spatial arrangement
around the single location on the flow channel.

11. The system of claim 1, wherein the detector subsystem
includes at least one photomultiplier tube.

12. The system of claim 1, wherein the detection system
includes a number of detectors that collectively detect a num-
ber of fluorophores greater than the number of detectors.

13. A method for capturing mult1 source excitations from a
single location on a flow channel comprising the steps of:

emitting light onto a single location on a tlow channel,

including emitting light from a first excitation source at

a first wavelength and emitting light from a second exci-

tation source at a second wavelength that 1s different

from the first wavelength, wherein the step of emitting

light includes modulating between the following excita-

tion source operating modes:

in a first excitation source operating mode, emitting light
onto the single location on the flow channel from only
one of the first and second excitation sources; and

in a second excitation source operating mode, emitting
light onto the single location on the flow channel from
both the first and second excitation sources;

detecting light emitted from the single location on the tlow

channel and generating a composite signal;

separating the composite signal into two or more compos-

ite mode signals, wherein each composite mode signal
corresponds to a respective excitation source operating
mode, and

separating one or more of the composite mode signals mnto

component mode signals corresponding to at least two
overlapping emission spectra of fluorophores.

14. The method of claim 13, wherein the step of separating
the composite mode signal mto component mode signals
includes demodulating the separated composite mode signals
by deriving at least one component mode signal from the first
composite mode signal corresponding to the first excitation
source operating mode and the second composite mode signal
corresponding to the second excitation source operating
mode.

15. The method of claim 14, wherein the step of deriving at
least one component mode signal from the first composite
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mode signal of the first excitation source operating mode and
the second composite mode signal of the second excitation
source operating mode, further includes the step selected
from the group consisting of: subtracting, separating, filtering
or distinguishing the first composite mode signal and the
second composite mode signal.

16. The method of claim 13, wherein the step of emitting
light includes emitting light from a third excitation source at
a third wavelength that 1s different from the first and second
wavelengths; wherein the step of emitting light includes fur-
ther operating in at least one of the following excitation
source operating modes:

1) emitting onto the single location on the flow channel
from only the first excitation source and third excitation
SOUrCe;

2) emitting onto the single location on the flow channel
from only the second excitation source and third excita-
tion source; and

3) emitting onto the single location on the flow channel
from the first excitation source, the second excitation
source, and third excitation source;

wherein the excitation source operating modes are modu-
lated.

17. The method of claim 16, wherein the step of separating
the composite mode signal into component mode signals
includes demodulating the separated composite mode signals
by deriving at least one component mode signal from at least
two of: the first composite mode signal corresponding to the
first excitation source operating mode, and the second com-
posite mode signal corresponding to the second excitation
source operating mode, and the third composite mode signal
corresponding to the third excitation source operating mode.

18. The method of claim 17, wherein the step of deriving at
least one component mode signal from at least two of the first
composite mode signal, the second composite mode signal,
and the third composite mode signal further includes the step
selected from the group consisting of: subtracting, separating,
filtering or distinguishing between at least two of the first
composite mode signal, the second composite mode signal,
and the third composite mode signal.
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